Abstract: Structural property of a C$_{60}$-peapod sample under high pressure up to 25 GPa was investigated by in-situ synchrotron X-ray diffraction measurements with a diamond anvil cell. It was observed that C$_{60}$-C$_{60}$ distance in a carbon nanotube decreases with pressure from 0.956 nm at 0.1 MPa down to 0.845 nm at 25 GPa. It was also found that the distance value on complete release of pressure after compression remained to be much smaller than the its initial value. These experimental results indicate the polymerization of C$_{60}$ molecules in a carbon nanotube. * The Manuscript Click here to download The Manuscript: kawasaki.tex also found that the distance value on complete release of pressure after compression remained to be much smaller than the its initial value. These experimental results indicate the polymerization of C 60 molecules in a carbon nanotube.
Introduction
High-pressure and high-temperature treatment of face centered cubic (fcc-) C 60 crystal sample leads to various polymerized phases [1] [2] [3] [4] [5] [6] [7] [8] . The pressurepolymerized fullerenes consist of hybrid networks of sp 2 and sp 3 carbon atoms and they have quite different physical and chemical properties from those of other crystalline carbon phases such as graphite, diamond, and fcc-C 60 [9] .
Similar polymerization of carbon nanotubes (CNTs) is expected and many high pressure experiments of CNTs have been performed [10] [11] [12] . However, the detailed structural property of CNTs is still not well understood.
C 60 -peapods, a single-walled carbon nanotube (SWNT) including C 60 molecules inside the tube, is attracting much interest. It is very interesting to investigate how the interactions between (i) tubes, (ii) tube and C 60 -molecules, (iii) C 60 -molecules in a tube change by external pressure. In this work, the structural property of C 60 -peapod sample was investigated by in-situ synchrotron XRD measurements and it was compared with those of solid C 60 and empty SWNT samples.
Experimental
SWNT samples used in the present study were prepared by laser-ablation method [13] . The tube diameter was estimated to be 1.4-1.5 nm by Raman scattering (JASCO, NRF-2200) measurement of radial breathing modes (RBM), by TEM (JEOL, JEM-2010) and XRD (Rigaku, RINT-2200) measurements. For the preparation of C 60 -peapod sample, after decapping the SWNTs, C 60 molecules were introduced into tubes by heating C 60 powders with SWNTs in a sealed quartz tube. The C 60 -occupancy of the pods was estimated to be more than 80% by TEM observation.
In-situ XRD measurements under high pressure were performed with a dia- 
Results & Discussion
The XRD patterns of the SWNT and C 60 -peapod samples under atmospheric pressure and at room temperature measured by a conventional powder diffractometer (" Fig. 2 " in Ref. [12] ) shows that the samples are well crystallized.
Since the contribution of the structure factor of C 60 chain inside the tube reduces the total structure factor at the 100 peak position [13] , the 100 peak intensity of the C 60 -peapod sample is much lower than that of the SWNT sample, the observed XRD patterns confirmed us that C 60 molecules were As we reported in previous paper [12] , diffraction peaks of the c-SWNT sample disappeared above about 2 GPa ( 
where Y is a scaling factor, q i is Bragg position for i th diffraction, u and Table 1 . As shown in Table 1 In the diffraction pattern of the peapod sample ( Fig. 2-(c) ), the diffraction peaks (marked "C 60 (100)", "C 60 (200)" in Fig. 2-(c) ) from one dimensional C 60 crystals inside the pods are observed. The diffractions of the two dimensional hexagonal SWNT (pod) lattice were also observed and they could be observed at relatively high pressure as those of the o-SWNT sample. So, structural property of the SWNT (pod) lattice of the peapod sample may be similar with that of the o-SWNT sample. However, since 100 diffraction of the SWNT (pod) lattice of the peapod sample was not able to be observed because of its low intensity and 110 peak was overlapped with "C 60 (100)", we gave up pattern fitting analysis of the SWNT (pod) lattice of the peapod sample.
It was observed that center-to-center distance of the nearest C 60 molecules (D C60 ) in the pods decreases with pressure from 0.956 nm at 0.1 MPa down to 0.855 nm at 10 GPa, 0.845 nm at 25 GPa (Fig. 4) . The decreasing rate is very great up to 10 GPa while the slope becomes to be gentle from 10
GPa. It was also found that the distance value on complete release of pressure after compression up to 25 GPa remained to be much smaller than the its initial value. These experimental results indicate that the polymerization of C 60 molecules in a carbon nanotube can occur even at room temperature.
Rhee et al. [14] reported that solid fcc-C 60 is transformed into a polymer phase by compression at room temperature, although their ex-situ XRD measurement could not determine the transformation pressure. So, we have conducted the in-situ XRD measurement of fcc-C 60 up to 35.7 GPa at room temperature ( Fig. 5-(a) ). As shown in Fig. 5-(a) , it was confirmed that fcc-C 60 is transformed into a polymer phase because the XRD pattern remained to be much smaller than the initial pattern on complete release of pressure. Unfortunately, however, since no remarkable change was observed in the diffraction pattern with increasing pressure (Fig. 5-(a) ), it is still hard to determine the transformation pressure. One may find a change that 200 diffraction peak which is absent at atmospheric pressure appears at relatively low pressure.
However, such phenomenon was already reported by Duclos et al. [15] and the appearance of 200 peak is explained as follows. The scattering factor of fcc-C 60 depends on the ratio of lattice constant a and the molecular radius R C and the scattering factor at 200 peak position is accidentally almost 0 at atmospheric pressure. However, since the intramolecular bonds are significantly less compressible than the intermolecular bonding, the ratio a/R C changes with pressure and the accidental absence of 200 line is eliminated at high pressure ( Fig. 5-(b) ). We determined lattice constant a up to 35.7 GPa assuming that cubic lattice is kept under high pressure and the determined values well reproduce the data reported by Duclos et al. [15] up to their highest pressure of about 20 GPa. The D C60 derived from the determined a are plotted in Fig. 4 .
Although D C60 of fcc-C 60 decreases with pressure down to 0.845 nm at 35.7
GPa, it is always greater than that of the peapod sample at the same pressure.
However, since the D C60 decreasing rate of the peapod sample becomes to be small from 10 GPa, it is estimated that the two D C60 values might be almost the same ( ∼ 0.845 nm) at about 35 GPa. Assuming the compressibility of C 60 molecule itself is quite little, the D C60 value of 0.845 nm corresponds to the intermolecular distance of about 0.145 nm which is comparable with the intramolecular bonds. Therefore, it is considered that 0.845 nm is short enough to be polymerized. It is plausible that polymerization of C 60 molecules in a pod may occur at around 10 GPa where the D C60 decreasing rate drastically changes.
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